Eccentric shaft parts, such as crankshaft and camshaft, fabricated by thick-wall tube hydroforming are increasingly used in industries, especially air-conditioner and automotive industry. In hydroforming those thick-wall components, the very high internal pressure and incomplete filling of the die corner make the forming process become difficult. In this paper, a new less-loading hydroforming die with movable sleeve is introduced to form the tube-like eccentric shaft workpiece. The characteristic of less loading hydroforming is illustrated by comparing with the conventional one by using FE simulation. Some typical loading paths and defects in the new hydroforming process are also investigated. The results obtained from this paper demonstrated the internal pressure, die closing force and die stress can be significantly decreased, as well as the qualified tube-like eccentric shaft workpiece can be formed by using the new movable die hydroforming.
Introduction
In the last decades, tube hydroforming has become established in industry as an innovative process for manufacturing the complex and elongate hollow metal component geometries. Tube hydroforming technology, compared with conventional machining technology, can deform metal into the complex and changeable cross-sections tubular with lightweight, high strength, and good resistance to fatigue. Now this technology has recently obtained a wide application in automotive and aerospace industry. 1, 2) However, this process is very complex and highly non-linear in nature. The optimization of this process is still an important goal of application.
3) It is known that the hydraulic pressure, required to deform a tube into a desired shape, mainly depends on the minimum corner radius of the part, the thickness and the material properties of the tube. 4, 5) The high hydraulic forming pressure needs the high-pressure intensifier, which may reach to 400 MPa, and the big capacity forming press, as well as the high-stiffness dies. Moreover, the high internal pressure also can induce the high contact pressure and friction in the tube feeding zone. The high interface friction leads to large wall thickness reduction and corner thinning of workpiece. 6, 7) Therefore, to reduce the internal pressure and friction, some new hydroforming methods were developed.
Yuan et al. 8) introduced a pre-forming method to hydroform the rectangular-sections with small radii by using petallike section pre-forming shape part. It can be found the pressure for forming the transition corner can be greatly reduced, and the components with small radii can be formed with relatively lower pressure. A pulsating hydroforming process of the tube was examined by Mori et al. 9) They discussed the effects of the oscillation of internal pressure on the formability of workpiece by using both finite element simulation and experiment. It can be found that the burst and the wrinkles of workpiece are avoided due to the small friction and low internal pressure when oscillation of pressure is applied. Elyasi et al. 10) studied the deformation mechanism of cylindrical stepped tubes in a new hydroforming die with additional bushes. They concluded that the material flow become easy and friction force is reduced by using the new die-set. Thus, parts with sharp corners and uniform thickness distribution were obtained. Nikhare et al. 11) investigated the low pressure tube hydroforming for the square cross-section geometry. They found that the internal pressure and die closing force required for low pressure tube hydroforming (LPTH) process is much less than that of the high pressure tube hydroforming (HPTH) process. And also the high pressure hydroforming is sensitive to friction, while in case of low pressure hydroforming, friction is not an important parameter.
At present, the tube hydroforming technology have been mainly applied in the parts with thin-wall. Eccentric shaft parts, such as crankshaft, camshaft, have been widely used in manufacturing industries, especially air-conditioner and automotive industry. In order to reduce the weight of part, manufacture time and costs, thick-wall tube hydroforming process can be utilized to replace the conventional machining process. Thus, the forming process of the thick-wall tube (outer diameter/inner diameter > 1.2) becomes a new challenging goal of hydroforming technology.
In this paper, a new less loading die apparatus was put forward to improve the formability of the thick-wall tube. Compared with the traditional hydroforming apparatus, two additional movable sleeves were used. Numerical simulation was carried out to compare the new die hydroforming and conventional hydroforming process, and also to investigate the suitable load path for a kind of thick-wall eccentric shaft part by using the ABAQUS/nonlinear FE simulation software. The generation reasons for defects, including fold and wrinkles, were discussed. In addition, the stress distribution and die closing force of hydroforming die set were also analyzed. Finally, the formability and accuracy of formed thick-wall part were significantly improved under relative low hydraulic pressure by using the new die.
The New Die Apparatus Design
The designed shape and dimensions of the tube-like eccentric part are shown in Fig. 1 . The outer diameter and thickness of the tube billet are 40 and 3.5 mm, respectively. The maximum diameter of the deformed part is 68 mm, and hence the expansion ratio is ((68 ¹ 40)/40) © 100% = 70%, and the tube thickness ratio is 40/(40 ¹ 3.5 © 2) = 1.21 > 1.2, which belongs to the thick-wall tube.
A conventional tube hydroforming die apparatus is shown in Fig. 2 . For each side of the tube, the feeding punch, contacting with the end of tube, exerts axial feeding on the tube. After placing the tube in the lower die, the upper and lower dies are closed, and the punches seal the tube. During the controllable axial feeding the tube is bulged by the controllable internal pressure into the shape of the die cavity. Meanwhile, the high friction force, generated between the tube and die, makes tube material flow into the die cavity difficultly.
The principle of new hydroforming method is illustrated in Fig. 3 . Compared with the traditional hydroforming apparatus, two additional sleeves are used. The appropriate initial clearance between the outer surface of the sleeve and dies is given. At the forming process, the sleeve stroke versus time curve is additionally used. It will lead to a uniform-thickness part with small corner radii at the end of the process.
Calculations of the Initial Clearance between the Sleeve and Die
In order to decrease the feeding force in the new die, we can ensure that there is no a relative sliding motion between the sleeve and die by setting a suitable initial clearance between them. In this section, the theory calculation procedure of the initial clearance is given. We assume that only elastic deformation occurs for the sleeve, and the deformation reaches the largest value when the highest internal pressure is acting on the tube inner surface. Thus, the initial clearance value between the sleeve and die should be equal with the radial deformation of the sleeve. As it can be seen from Fig. 4 , when internal pressure p increases to the highest value, the sleeve is loaded by an equivalent internal pressure p
where · s is yield strength of the tube, r i and r o are the inner and outer diameter of the tube, respectively. The radial elastic deformation (u r ) of sleeve can be calculated as
where E i is the elastic modulus of sleeve. R o is outer diameter and R i is inner diameter of sleeve.
Simulation Modeling
The numerical simulations on the hydroforming processes were carried out by using the FE code Abaqus/Explicit. All parts in the models were meshed by solid elements C3D8R. A Coulomb friction law was assumed and friction coefficient between the tube and die was set as 0.06. DIN 1.2344 steel was chosen as the material of forming die set. Young's modulus and Poisson's ratio of die material is 207 GPa and 0.28, respectively. St16 steel was chosen as the material of tube billet. The true stress-true plastic strain curve of the material is illustrated in Fig. 6 . Due to the symmetric geometry, only a half of FE model was utilized in simulation.
Simulation Results and Discussions
Similar to the conventional process, the forming factors, including internal pressure and axial feeding, can influence the defects such as wrinkling, folding, buckling and bursting. Moreover, it can be found that the use of the sleeve induces the additional gap, which would gradually disappear with the axial movement of the sleeve. If tube material flows into the gap during the whole hydroforming process, and then the folding defect will appear in the gap region. Thus, in order to obtain a successful workpiece, a suitable load path is particularly important.
Comparison between two hydroforming methods
The load path of new die hydroforming method is quite different to the conventional one. The load path for the new die includes three stages, as shown in Fig. 7(a) . In the first stage, the internal pressure increases until its value arrives to 47 MPa. In the second stage, to access more material feeding, the punch and sleeve moves under the pressure 47 MPa. However, the moving displacement of punch is larger than that of the sleeve. In the third stage, in order to form a desired die corner the stroke of sleeve and punch are the same, and the forming pressure remains constant. The mainly function of punch is to ensure a good sealing on end of the tube in this stage.
The simulated load curve of the conventional die hydroforming method can also be divided into three stages, as shown in Fig. 7(b) . In the first stage, the internal pressure increase until the tube is pre-bulged under forming pressure. Then in the second stage, by remaining the forming pressure 47 MPa, the tube formed to the desired shape with moving the punch. In order to realize the small radii of part in the die corner, the internal pressure was sharply increased in the third stage, which can reach to 180 MPa.
According to the two load curves, we can find the third stage have a big difference. It is because the corner radii are bulged in the third stage of conventional method, which needs very high pressure. 4, 5) The maximum pressure 47 MPa, used in the new hydroforming method, is quite smaller than 180 MPa in the conventional hydroforming method. And also, the total punch stroke in the new die is 32.5 mm, whereas 23.5 mm in the conventional die. Therefore, more tube material is pushed into the die cavity in the new die. Tube forming process by using new die and conventional die is shown in Figs. 8 and 9 , respectively.
From the simulation results, wall thickness and radius dimension of the symmetry tube sections (see Fig. 10 ) are compared. Figure 11 shows the thickness distribution of the upper and lower profiles. It can be seen that the tube, formed in the new die, has a more uniform thickness distribution with the maximum thinning ratio 21.4% than that in the conventional die with the maximum thinning ratio 35.1%. And also, it is obvious that the corner of the tube is well filled in the new die (see Table 1 ). In the conventional die, the largest filling radius can reach to 8.6 mm. The corner filling radius of the camshaft part is very important, because it would offer enough contact surface to ensure operation stability of camshaft power transmission drive system.
Stress locus analysis on corner filling region
We select a typical element A (see Fig. 12 ) to illustrate the changing of the stress locus in the two processes, as shown in Fig. 13 . Here, it is assumed that the thickness stress is so small that it can be neglected. At the bulging stage of two hydroforming processes, hoop tensile forces are mainly applied. The stress state of element A is the same in the two processes as uniaxial tension. Then by keeping continuous axial feeding with internal pressure, the tube was formed to the desired shape. The material flow gradually become difficult in the corner filling region. The principal stress state of the element is changed into the biaxial tensile stress state. At the end of both processes, the stress states of the element are quite different. Due to the sharp increasing pressure in the conventional die, the material is expanded. Thus, the elements are still in the biaxial tensile stress state. For the new hydroforming process, the continuous axial feeding of movable die makes the elements mostly being bent and compressed. So, the stress state of the element A is the tension-compression stress state which can greatly avoid continuous thickness thinning of tube workpiece and reduce the hydroforing internal pressure.
Effects of loading path
To investigate the effects of loading path on the eccentric shaft tube-like workpiece, 5 typical load paths (see Table 2 ) were simulated and studied. The loading path 1 [see Fig. 7(a) ], the suitable one, is obtained by the trial-and-error method. According to the loading path, the qualified workpiece is formed with the maximum thinning ratio 21.4%. In others 4 loading paths, only one parameter was changed compared with loading path 1. In the loading path 2, the sleeve stroke in the third stage increases from 1.5 mm (in loading path 1) to 2 mm. Then, we can find the folding defect appears in the gap between die and sleeve, as shown in Fig. 14 . According to the loading path 4 and 5, if the maximum forming pressure value increases from 47 MPa (in loading path 1) to 50 MPa or total punch stroke increases from 32.5 mm (in loading path 1) to 34.5 mm, the folding defects can also be observed. It is because the redundant material fills the gap between the die and sleeve. For the loading path 3, the maximum forming pressure value decreases from 47 MPa (in loading path 1) to 44 MPa. Then, the wrinkling appears in the middle of workpiece (see Fig. 15 ). The internal pressure 44 MPa isn't enough to flat the wrinkling, so the wrinkling exists in the workpiece.
Die closing force and die stress in hydroforming
Die closing force curves, obtained from simulations of the two hydroforming dies, are shown in Fig. 16 . It can be seen that the value of die closing force in the new die is significantly lower than that in the conventional die, especially in the third forming stage. And the maximum closing force for the new and conventional die is 227 and 1135 KN, respectively. In the third stage of the conventional process, a high pressure was applied to forming the small die corner radius. Thus, a sharp increment of die force occurs at the end of the conventional hydroforming process. During the hydroforming simulation, the die set was considered as a deformable body and meshed as the solid element, so the die stress can also be illustrated. Figure 17 shows the die stress distribution for the new die and conventional die at the end of hydroforming. It can be found that the maximum stress is 213 MPa in new die and 588 MPa in conventional die, respectively.
Conclusion
In this paper, a new less loading hydroforming process for tube-like eccentric shaft workpiece was investigated by using FE simulation. In the new die, two additional movable sleeves play an important role to improve formability of the thick-wall tube and the shape accuracy of formed workpiece. Some important conclusions can be drawn as following.
(1) In the new die, the movable sleeve pushes the tube material to fill into the small radius of the die corner. So the internal pressure can be significantly decreased from 180 to 47 MPa. In addition, it was illustrated that die closing force has a significant reduction from 1135 to 227 KN, when the new die hydroforming is used to replace the conventional one. (2) By using the new die hydroforming, the formed tubelike eccentric shaft workpiece has the relatively uniform thickness distribution and high shape accuracy. The maximum thinning ratio is 21.4% and the radius of inner die corner is 3.2 mm.
(3) There is much difference in the stress state between two hydroforming processes. At the end of new die hydroforming, the compressive stress appears in the corner region of tube workpiece, which can greatly improve the formability and shape accuracy of the eccentric tube. (4) The folding defect, as a special defect in hydroforming process, can be observed in the new die hydroforming, which is induced by the redundant tube material flowing into the gap between the die and sleeve. However, the folding defect can be avoided by decreasing in the internal pressure and total punch stroke.
(a) (b) Fig. 17 Stress distribution of the die obtained from simulation, (a) new die and (b) conventional die.
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